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Abstract: Wave deflectors can be placed on the crests of embankment dams to improve the safety against overtopping and in the
case of insufficient freeboard. In most cases, these elements are concrete blocks which can withstand the water pressure and wind
wave impact due to their dead weight. This paper includes recommendations for the dimensioning and design of these structural
members. Experiences and Advantages/disadvantages of special shapes and constructions are discussed.
Keywords: Freeboard, wave deflector, recurved seawall, wave run-up, wave overtopping.

1.

Introduction

At many reservoirs, the update of the hydrologic data or their re-analysis caused higher design floods with higher
water levels. In other cases, a change in reservoir utilization caused a raise of the storage level. The latter point could
also be interesting for owners and operators for water power plants in Germany who may save the net fees when
enlarging their available Energy storage in the upper reservoir by at least five percent. This can be achieved by raising
the storage level. These changes might result in a reduced freeboard. Nevertheless, this must not reduce the safety of
the dam. Therefore, it can be necessary to take the measures indicated in Figure 1 to keep or improve the safety level
of the dam. They can be applied standing alone or in combination.

Nonstructural
measures
Freeboard
height not
sufficient

Structural
measures

Engineering,
design,
analysis

- Check of input data
- Use of directional wind velocities
- Pointwise freeboard calculation along the dam crest
- Taking into account the oblique wave approach
- Calculating the wave overtopping
- Comparison with local floods (flash floods)
- Advanced investigations (e. g. hazard estimation)

Organization

- Planned preventive water level lowering in certain
Meteorological situations

see also
Table 1

--Heightening
- Rough slope, rubble mound
- Parapet wall
- Curb
- Wave deflector (landside, curved steel, embedded in the
embankment, demountable with own fundament, plate
(steel), waterside/ upstream)

Figure 1. Measures in case of freeboard deficiencies (Pohl 2016).

2.

Dam Crest Elements

An advantageous construction measure to compensate freeboard deficiencies is the use of crest elements like wave
deflectors, rounded walls, parapets, curbs etc. These can be fabricated of concrete or metal. Used on the dam crest,
they will increase the freeboard height and help to fulfill the dam safety standards.
The range of application as well as the advantages and disadvantages of these elements are shown for typical layouts
in Table 1 later (without claim to be complete).

3.

Wave Deflectors

The run-up-reducing effect of wave deflectors has been used for many decades, especially in coastal engineering.
Examples among many others worldwide are the recurved seawalls in San Francisco (CA, USA 1930), Galveston
(TX, USA 1965), Exmouth (Devonshire, UK) and Dranske (Ruegen, Germany 1980) (Figure 2).

Figure 2. Application engineering for wave deflectors (f. l. t. r.): 1) polygon shaped wave deflector at Bautzen dam (no. 3 in
Figure 3); 2) wave deflector embedded in the dam fill at Nonnweiler dam (no. 13 in Figure 3); 3) parapet wall at Lake
Grosshartmannsdorf (mining water supply); 4) stepped slope and wave deflector at the East bank of the ’Sweet’ Lake near
Eisleben (Pohl).

The bucket curve of the wave deflector is often circular (element 3 in Figure 4). Sometimes the upper part is elliptic
(element 4 in Figure 4). The angle of nappe separation may be between 45 and 90 deg. (horizontal). In case of an
asphaltic or concrete waterside and crest coating, these elements can be set on the crest without additional fixing and
would withstand the possible loads only by their dead weight. A key and slot joint can provide additional stability
between neighbor elements.
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Figure 3. Different types of wave deflectors: 1) Ohra dam; 2)/3) Bautzen old/new; 4)/5)/6) Markersbach pumping storage plant,
lower, upper reservoir old/new [13]; 7) Schoenbrunn dam; 8) Lichtenberg dam; 9) Ratscher dam; 10) Schömbach dam; 11)
Glems pumping storage plant, upper reservoir; 12) Saeckingen pumping storage plant, upper reservoir; 13) Nonnweiler dam.

4.

Dimensioning

The wave deflector design requires a hydraulic and a static/dynamic structural analysis.
Within the hydraulic analysis, the run-up reducing effect of the elements should be quantified. The related questions
depending on the design criteria may be: How far will the point of begin of overtopping move on the relative freeboard
axis f/R to the left (s. a. Figure 5) compared with the same situation without wave deflector? How much water will
overtop the dam crest (Volume per meter qT depending on the element height hu,, the freeboard height f, the wave
height H, and the wave period T)?

The analysis procedure and the determination of the required freeboard depend on the selected design criterion that
might be chosen from the following list:
1.

The dam crest will be shaped in the way that only a certain percentage of waves can overtop it. With e.g.
P = 2%; this means F = 1- P = 98%, the two largest of 100 run-ups would overtop. This criterion, based on
DVWK-Guideline 246/1996, is often used for practical design-purposes.

2.

A critical overtopping volume (e.g. (qT)max = 2 m³/m at a coastal levee, (EuroTop 2016)) is only allowed to
be exceeded by a certain portion of all single overtopping events. For P = 3%, three of the hundred
overtopping volumes can be greater than (qT) max. This criterion is relying on the assumption that only too
large and too frequent overtopping harm the structure but smaller ones do not.

3.

The average quasi-steady overflow must not exceed a limiting value (e.g. qmax = 0.005 m²/s (EuroTop 2016,
p. 41)). Here we assume that the total amount of water is the critical impact whereas seldom-high single
overtopping events can be tolerated. This criterion is often used for coastal levees where higher protection
goals cannot be put into practice economically.

4.

A combination of criteria 2 and 3 when seldom-high single overtopping events cannot be tolerated.

5.

In a certain time only a certain number of overtopping events are allowed to exceed a critical volume (qT)max
(e. g. twice per hour (qT) > (qT)max) = 0.25 m³/s).

Druet (1963) proposed a radius of r ≈ 0.6 c/cosα for the curved part of the element where the height of the rounded
contour c = 3dR is three times the run-up surge at the waterside foot point of the construction. Šaitan (1974) proposed
a wave deflector whose height is half of the design wave height hu = ½ H, whereas the lower part is circular with a
radius of r = 1⁄3 H and the upper part is elliptic with the smaller radius of about r = 1⁄10 H. Keberle and Kolnykow (SU
Pat. 1194952 E02B 3/06) had proposed a 1 m high Seawall with a recurved upper end (r = 0,1 ∙ H) overhanging by 0,14
… 0,16 ∙ H towards the upstream (water) side.
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Figure 4. Definition sketch wave run-up: 1) without crest element; 2) vertical wall (parapet); 3) wave deflector-circle and
ellipse; 4) wave deflector–logarithmic spiral

The author of this paper published design formulae based on hydraulic model tests (Pohl 1991) which show that the
freeboard height can be reduced to about 50% by using wave deflectors at the upstream dam crest. It must be assured
that the plunging wave jet will not hit the element and the wave height is less than the double element height H ≤ 2hu
(Figure 5).

Figure 5. Wave overtopping test results without and with different wave deflectors. Left: Wave overtopping volume vs.
normalized freeboard height. Right: Normalized overtopping volume calculated vs. measured values.

Figure 6. Left: Wave run-up and overtopping experiments with wave deflectors (here plunging breaker on a 1 on 2 smooth
slope) TU Dresden (1987). Right: Stand for wave run-up and overtopping experiments, TU Dresden (2018).

Figure 7. Calculation Program ’Freeboard’ with menu to select the crest shapes shown in Figure 4.

The test results were also integrated into the program ’Freeboard’ which provides a good and flexible adaption to a
variety of different shaped banks and embankments. Besides the consideration of crest elements, other additional
features like berms, oblique wave approach, steep slopes > 1:2 (in the transition zone between braking and nonbreaking
waves) as well as repeated computations for probabilistic analysis are included (Figure 6 above).
The proof of bearing capacity has to provide evidence that the resistant forces (weight, friction) are greater than the
acting forces (load, water pressure, wind pressure, uplift, streamflow forces, seepage pressure). According to the
current guidelines in Germany the deterministic safety concept (DIN 19700: 2004-08) is still allowed where the
resistant forces must be greater than the acting forces multiplied by a certain safety coefficient (e. g. η = 1.3). In the
frame of the newer partial safety concept, the applied forces increased by multiplying with a partial safety factor must
be greater than the resistant forces reduced by a factor, which yields a degree of utilization less than one. Although
this procedure may be practically implementable, this semi-probabilistic approach fades out the clear (theoretical)
limit of stability between good performance and failure of the structure. A full probabilistic approach would consider
the distribution functions of all applied and resistant forces so that for each failure mode as well as for the general/total
failure a very small probability could be found: P < 10-3 … 10-6. Due to psychological reasons, often the reliability 1P is given which will take values in the range of 99.9 … 99.9999 %.

Control
Volume
Figure 8. Wave run-up phases until the reversal ’slack’ point of motion.

When analyzing the limiting load state, we could have a first look at the relatively improbable steady state case of
bankfull (top of the element) impoundment. Similar to a concrete dam, a concrete element with a more or less square
cut cross section could be set without further mounting or fixing on the dam crest. With a friction coefficient
µ = tanφ = 0.45, a concrete density of ρB = 2200 kg/m³, and a full reduction of the uplift pressure in the contact area
from the waterside to the land-/downstream side, the limiting state (equilibrium) concerning sliding would be yielded
η= 1.
Considering the non-steady load action of the wave run-up, the wave generating wind towards the structure must be
additionally taken into account. For load effects usually the average wave of the highest third of the wave spectrum,
the so-called significant wave, is used: Hm0 ≈ HS ≈ H13% ≈ H1/3. Together with the peak period, they mark the point of
the highest spectral energy density.
When thinking in the category of a model, we can assume that a more or less triangular run-up wedge is moving into
the rounded wave deflector with decreasing celerity. It will be retarded until it stops at the run-up height and turns the
moving direction. The water mass, first decelerated and then accelerated on a curved path, causes radial accelerations
depending on the actual celerity of the surge. According to Newton’s second law, this generates time-depending (nonsteady) forces in the wave deflector which can be displayed as horizontal and vertical forces.

Figure 9. Results of a non-steady analysis for an 85 cm high wave deflector: time depending horizontal (FH) and vertical (FV)
forces due to hydrodynamic and wind load for different design situations from different approaches. It is visible that the results
are sensitive to input data like the empirically found thickness of the run-up surge.

As a third approach for the stability analysis, the theorem of conservation of the momentum can be used. Therefore,
a control volume has to be defined (Figure 8 above) which includes all inflow and outflow cross sections of the runup surge at the wave deflector. The load acting on the deflector element can be determined by means of the changing
forces on the control volume perimeter if the flow cross sections and the flow velocities at the perimeter are known or
can be estimated.
Vertical forces (definition upward → negative) can arise from upward directed flows, uplift in an open contact area
between element and crest, as well as from the weight of the water which is temporarily staying in the rounded contour.
The peaks of the vertical forces appear a little bit earlier than the horizontal peaks.

Table 1. Structural measures in the case of insufficient freeboard, pros and cons.

5.

Conclusion and Outlook

This paper presents chances and limits when using wave deflectors. In many cases, a freeboard reduction or additional
safety can be achieved by using these crest elements. However, the normal minimum freeboard height should not be
undercut.

The available hydromechanical calculation procedures have been found under certain constraints in model tests and
should be verified in further experiments that have been launched recently.
The bearing capacity of the crest elements can be estimated with physical based approaches. Existing experimental
data should be analyzed and compared in a next step.

Figure 30. Concrete-Block wave deflectors at the upper reservoir of the pumping storage plant, Saeckingen, Germany, before
and after assembling.
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